Abstract: Electrophoretic deposition (EPD) was used to produce a multilayer coatings system based on chitosan/curcumin coatings on poly-ether-ether-ketone (PEEK)/bioactive glass (BG)/hexagonal boron nitride (h-BN) layers (previously deposited by EPD on 316L stainless steel) to yield bioactive and antibacterial coatings intended for orthopedic implants. Initially, PEEK/BG/h-BN coatings developed on 316L stainless steel (SS) substrates were analyzed for wear studies. Then, the EPD of chitosan/curcumin was optimized on 316L SS for suspension stability, thickness, and homogeneity of the coatings. Subsequently, the optimized EPD parameters were applied to produce chitosan/curcumin coatings on the PEEK/BG/h-BN layers. The multilayered coatings produced by EPD were characterized in terms of composition, microstructure, drug release kinetics, antibacterial activity, and in vitro bioactivity. Scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) confirmed the deposition of chitosan/curcumin on the multilayer coating system. The release of curcumin upon immersion of multilayer coatings in phosphate-buffered saline (PBS) was confirmed by ultraviolet/visible (UV/VIS) spectroscopic analysis. The antibacterial effect of chitosan/curcumin as the top coating was determined by turbidity tests (optical density measurements). Moreover, the multilayer coating system formed an apatite-like layer upon immersion in simulated body fluid (SBF), which is similar in composition to the hydroxyapatite component of bone, confirming the possibility of achieving close bonding between bone and the coating surface.
Introduction
Worldwide, millions of patients use implanted medical devices, including hip/knee joints, pacemakers, cardiovascular stents, dental implants, and so on. Despite intensive research in the area of biomedical materials and notable progress in the field of implants and prosthetic devices, there is a further need to improve implant performance [1, 2] . In the case of bone implants, for example, premature failure may occur because of adhesion of biofilms, following bacterial attachment on the biomaterial This research work, therefore, focuses on the production of new functional multilayer coatings based on chitosan/curcumin on PEEK/BG/h-BN layers by EPD. The top layer (chitosan/curcumin) serves as a degradable curcumin-releasing coating. In the bottom layer, the combination of PEEK and h-BN may lead to a coating with improved mechanical properties, while the addition of bioactive glass particles should enhance the bioactivity of the coatings, thus facilitating the bone-bonding ability and rendering the coatings of interest for orthopedic applications. Moreover, curcumin may be released in a sustained manner from the multilayer coating (chitosan/curcumin deposited on PEEK/BG/h-BN film) to provide antibacterial effects. The concept of multilayer coatings composed of PEEK and chitosan-based coatings obtained by EPD has been introduced recently [28] ; however, the use of curcumin in the chitosan layer has been investigated for the first time in this study.
Experimental Procedure

Coating of Poly-Ether-Ether-Ketone/Bioactive Glass/Hexagonal Boron Nitride (PEEK/BG/h-BN)
BG powder (3.3 wt.%) of 4 µm diameter (D50) with nominal composition 45S5 BG (45 wt.% silicon oxide, 24.5 wt.% calcium oxide, 24.5 wt.% sodium oxide, and 6 wt.% phosphor pentoxide) and 6.6 wt.% monohydrate citric acid (VWR International, Darmstadt, Germany) were added in ethanol. The suspension was stirred magnetically for 3 min, and then ultrasonication was conducted for 2 h. Subsequently, 2 wt.% PEEK powder (704 XF, Victrex, Lancashire, UK) with 10 µm diameter (D50) and 0.5 wt.% h-BN powder (Henze BNP AG, Lauben, Germany) with 2 µm diameter (D50) was added into the suspension, which was stirred magnetically for 3 min followed by ultrasonication for 30 min. The details about the optimization of suspension composition have been reported previously [5] . Moreover, the addition of citric acid provided excessive anions in suspension, which led to the negative charges of PEEK, BG, and h-BN. 316L SS foils with dimensions of 1.5 cm width, 0.2 mm thickness, cut to a length of 3 cm, and cleaned with ethanol were used as the deposition substrate and counter electrodes for EPD. The spacing between electrodes, applied voltage, and deposition time were fixed at 1 cm, 90 V, and 90 s, respectively. Previous studies with detailed information on PEEK based coatings using EPD are available [5, 12, 14, 35, 36] . The PEEK/BG/h-BN coatings were heat-treated in a furnace (Nabertherm™ GmbH, Lilienthal, Germany) at 375 • C for 30 min at a heating rate of 2 • C/min. The samples were cooled down slowly in the furnace (annealing) in order to avoid the formation of microcracks. The processing temperature was selected based on available information for heat treatment of PEEK [3, 5, 14, 15, 37] .
Coatings of Chitosan/Curcumin
An amount of 0.5 g/L chitosan (medium average molecular weight with 75%-85% deacetylation degree) was dissolved in distilled water having 20 vol.% and acetic acid having 1 vol.% and stirred magnetically for 25 min. Ethanol with 79 vol.% was added to the chitosan-dissolved solution in order to reduce the possible hydrolysis of water during the EPD process, which may affect the homogeneity of the coatings, following previous studies [38, 39] . Then, 1-5 g/L curcumin (Sigma Aldrich™, Darmstadt, Germany) was added to the prepared chitosan solution and stirred magnetically for 5 min. After several preliminary trials, it was elucidated that the optimum composition of curcumin in the suspension was 2.5 g/L to achieve a clear and stable solution for EPD. In this study, the composition range for curcumin was selected, based on the available literature, which confirmed that curcumin is antibacterial and cytocompatiable within a selected range of compositions [32] . The suspension stability was determined by zeta-potential measurements, using a zetasizer (nano ZS equipment, Malvern Instruments™, Malvern, UK). Initially, the EPD of chitosan/curcumin was optimized on stainless-steel substrates. Finally, the optimized parameters were applied on PEEK/BG/h-BN layers (previously coated by EPD on 316L SS), as described in Section 2.1. Table 1 shows the details of EPD parameters for chitosan/curcumin coatings. 
Characterization of Coatings
Scanning electron microscopy (SEM) (AURIGA CrossBeam; Carl Zeiss Microscopy GmbH, Oberkochen, Germany) was performed for investigation of the morphology of the fabricated coatings, and gold sputtering was used to prepare the samples for SEM. At 15 kV, energy dispersive X-ray (EDX) spectroscopy was used for compositional analysis of coatings (LEO 435VP, Carl Zeiss Microscopy GmbH). Fourier transform infrared (FTIR) spectroscopy (Shimadzu Corp, Kyoto, Japan) with attenuated total reflection (ATR) mode was conducted for functional group analysis. The thermal stability of coatings was analyzed using thermo-gravimetric analysis (TGA 2950, TA instruments, New Castle, DE, USA). Prior to the TGA measurements, coating layers were detached from the substrate. TGA was executed at a maximum temperature of 1000 • C under a dynamic air atmosphere at a heating rate of 10 • C/min. A laser profilometer (UBM™, ISC-2) was used for the measurement of surface roughness of fabricated coatings. Samples of dimensions (1.5 cm × 1.5 cm) were used for each coating (three samples for each type was used), and an area of 1 mm × 1 mm was specified for the measurements of surface roughness with a scanning velocity of 400 points per second. The average surface roughness (S av ) and maximum surface roughness (S max ) were determined using the LMT Surface View UBM™ software (1995) .
Wear tests were conducted by using a tribometer (CSM instruments, Peseux, Switzerland) under a load of 7 N at room temperature using pin-on-disc dry sliding method, as reported in references [40, 41] . The humidity (about 25%) was controlled by using a dehumidifier. Ceramic balls of alumina having 2 mm diameter were used as counter bodies. The disc containing PEEK/BG/h-BN coatings was rotated with a certain speed while a ceramic ball was inserted perpendicularly with respect to the disc surface. The sliding speed of 15 cm/s was maintained for covering a distance of 750 m. The coefficient of friction was measured during experimental runs. With a profilometer, the wear volume was calculated by utilizing the surface profile traces, which were recorded across the wear path perpendicular to the sliding direction.
A drug release test was conducted to check the curcumin release behavior from the multilayer composite coatings. The absorption peak was measured at 426 nm for the release of curcumin in multilayer coatings by using ultraviolet-visible spectroscopy (UV spectroscopy, specord 40, Jena, Germany) with WinASPECT software (version 2.5.8.0). The cumulative release of curcumin was studied for a total of 48 days. Coatings of specific dimensions (15 mm × 15 mm) were dipped in 10 mL phosphate-buffered saline (PBS) solution, and the samples were placed in an incubator at 37 • C. Three samples were studied at each time point. During testing, 1 mL of buffered saline solution was considered for the evaluation of drug release, meanwhile 1 mL fresh buffered saline solution was poured back to preserve physiological conditions. The percentage of cumulative drug release (ρ x ) was measured by using Equation (1) at each time point:
where m x is the mass of drug release at each individual time point, and m t is the cumulative mass of the drug in multilayer coatings. An antibacterial turbidity test was conducted for the multilayer composite coatings relative to the single-layer (PEEK/BG/h-BN) composite coatings, which were considered as reference. UV light for 45 min was used to sterilize samples. Ten milliliters of Lysogeny broth (LB) media were filled in plastic flasks, which were inoculated with Gram-positive (Staphylococcus carnosus) and Gram-negative (Escherichia coli) bacteria at an optical density of 0.015 (OD600nm). The samples were immersed in the prepared bacterial solution at 37 • C for 1, 2, 4, 24, 48, 96 and 168 h. At each time point, 1 mL of the solution was taken out and replaced with the fresh LB media. The optical density at 600 nm was measured for the extracts taken out at each time point.
To confirm the bioactivity of the multilayer coatings in terms of hydroxyapatite (HAp) formation as function of time, simulated body fluid (SBF) studies, as suggested by Kokubo et al. [42] , were carried out. Multilayer samples (15 mm × 15 mm × 0.2 mm) were dipped into 50 mL of SBF, then incubated for 7 and 14 days in an orbital shaker at 90 RPM and 37 • C, refreshing the SBF every third day as postulated in literature [42] . For every time point samples were taken out from SBF, washed with distilled water and left to dry at ambient conditions. The possible creation of a hydroxyapatite layer on the coating surfaces was examined by FTIR and SEM/EDX. Figure 1A ,C. Figure 1A shows that sintered PEEK/BG/h-BN coatings were homogenous and comparably rough. SEM images of the cross-section indicate that the PEEK/BG/h-BN layer had a fairly uniform thickness ( Figure 1B,C) . Coatings showing thickness in the range 70-80 µm were densely packed following the sintering process. Moreover, the coating thickness noticed in this study was in agreement with the literature [29] . Figure 1D confirms the presence of PEEK (C peak) and BG (Si, Ca, Na and P peaks) in the produced coatings. Previous studies have optimized the composition and characteristics of this type of coating [36] . 
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To confirm the bioactivity of the multilayer coatings in terms of hydroxyapatite (HAp) formation as function of time, simulated body fluid (SBF) studies, as suggested by Kokubo et al. [42] , were carried out. Multilayer samples (15 mm × 15 mm × 0.2 mm) were dipped into 50 mL of SBF, then incubated for 7 and 14 days in an orbital shaker at 90 RPM and 37 °C, refreshing the SBF every third day as postulated in literature [42] . For every time point samples were taken out from SBF, washed with distilled water and left to dry at ambient conditions. The possible creation of a hydroxyapatite layer on the coating surfaces was examined by FTIR and SEM/EDX.
Results and Discussion
Composite Coating of PEEK/BG/h-BN on 316L Stainless Steel (SS) (Single Layer)
SEM micrographs of composite coatings PEEK/BG/h-BN at different magnifications are shown in Figure 1A ,C. Figure 1A shows that sintered PEEK/BG/h-BN coatings were homogenous and comparably rough. SEM images of the cross-section indicate that the PEEK/BG/h-BN layer had a fairly uniform thickness ( Figure 1B,C) . Coatings showing thickness in the range 70-80 µm were densely packed following the sintering process. Moreover, the coating thickness noticed in this study was in agreement with the literature [29] . Figure 1D confirms the presence of PEEK (C peak) and BG (Si, Ca, Na and P peaks) in the produced coatings. Previous studies have optimized the composition and characteristics of this type of coating [36] . In our previous studies [5] , PEEK/BG/h-BN coatings showed a convenient wetting behavior and good adhesion strength to stainless steel substrates. Moreover, the produced coatings were bioactive according to SBF studies [5] . The wear behavior of the coatings was investigated in the present study, given the relevance of this property for applications in orthopedic implants [12] . Wear refers to the deformation of materials during the mechanical process of relative motion between two or more contacting surfaces, which causes the surface to degrade. The surface of the implanted device can wear out, and this can primarily affect joint prosthesis [43] . Therefore, h-BN can be conveniently used, exploiting its layered (lubricating) structure, in combination with polymeric biomaterials to impart self-lubrication properties and wear resistance to the coatings.
In Figure 2 , the results of wear tests under dry sliding conditions at a load of 7 N against alumina balls on PEEK, PEEK/BG, and PEEK/BG/h-BN coatings are presented. Throughout the whole span of the test, the friction behavior of all materials was stable. Afterward, the coefficient of friction (COF) remained stable for PEEK/BG and PEEK/BG/h-BN coatings. Few oscillations in the coefficient of friction of PEEK coatings were observed, which could be due to the nonuniform wear track in PEEK [44, 45] In our previous studies [5] , PEEK/BG/h-BN coatings showed a convenient wetting behavior and good adhesion strength to stainless steel substrates. Moreover, the produced coatings were bioactive according to SBF studies [5] . The wear behavior of the coatings was investigated in the present study, given the relevance of this property for applications in orthopedic implants [12] . Wear refers to the deformation of materials during the mechanical process of relative motion between two or more contacting surfaces, which causes the surface to degrade. The surface of the implanted device can wear out, and this can primarily affect joint prosthesis [43] . Therefore, h-BN can be conveniently used, exploiting its layered (lubricating) structure, in combination with polymeric biomaterials to impart self-lubrication properties and wear resistance to the coatings.
In Figure 2 , the results of wear tests under dry sliding conditions at a load of 7 N against alumina balls on PEEK, PEEK/BG, and PEEK/BG/h-BN coatings are presented. Throughout the whole span of the test, the friction behavior of all materials was stable. Afterward, the coefficient of friction (COF) remained stable for PEEK/BG and PEEK/BG/h-BN coatings. Few oscillations in the coefficient of friction of PEEK coatings were observed, which could be due to the nonuniform wear track in PEEK [44, 45] , as shown in confocal microscope images ( Figure 3 ). The oscillations in the wear test of PEEK coatings were repeated with each revolution of the disc. Moreover, with an increase in the number of cycles, the amplitude of oscillations changed ( Figure 3 ). However, COF remained stable over the sliding distance of 750 m. The results, thus, indicate that PEEK/BG/h-BN coatings sintered at 375 • C exhibited a constant and relatively low friction coefficient value (COF = 0.35) in comparison to the PEEK (COF = 0.26) and PEEK/BG (COF = 0.37) coatings. Moreover, PEEK/BG and PEEK/BG/h-BN coatings maintained the coefficient value over the sliding distance of 750 m, which illustrates the high wear resistance of the produced coatings. Values for the coefficient of friction of PEEK/BG and PEEK have been reported [15, 45] . The reduction in COF of PEEK/BG/h-BN coatings in comparison to PEEK/BG coatings indicates the lubrication effect provided by the addition of h-BN, as expected [5] . Figure 3 shows a deep wear track for the PEEK, PEEK/BG, and PEEK/BG/h-BN coatings. However, the incorporation of h-BN in the coating decreased the COF, and no sign of wear was observed on the coatings after the wear test, which confirms the anticipated beneficial effect of adding h-BN to the base coating. The difference in the z-axis range in all samples was due to the difference in the average roughness of the three samples tested for each coating type. Therefore, it can be stated (on the basis of Figure 3 ) that no visible sign of wear was observed (in Figure 3C) for PEEK/BG/h-BN. However, Figure 3A clearly shows the wear pattern, as indicated by the red arrow. Moreover, it is suggested that SEM analyses of the samples after the wear test should be carried out to gain a clearer understanding of the wear behavior of the coatings and to ascertain the mechanisms of material removal from the different coatings.
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Coating of Chitosan/Curcumin on 316L SS
The "hit and trial" method was used to optimize the EPD process for chitosan/curcumin coatings on 316L SS substrates. EPD of chitosan-based coatings was optimized in our previous studies [28, 46] , which illustrated that the optimum electrode distance was 1 cm (therefore, the distance between electrodes was kept at 1 cm in this study). Moreover, the deposition time was also studied in this work (data not shown here), which elucidated that the increase in deposition time led to inhomogeneities in the deposited coatings. Moreover, increasing the deposition time beyond three minutes caused sedimentation of the suspension (chitosan/curcumin), which resulted in poor-quality coatings. The effect of deposition voltage and time on the homogeneity of the produced coatings is illustrated in Figure 4 . The figure shows that the chitosan/curcumin coatings obtained at 30 V and 3 min resulted in thick layers ( Figure 4A ), but the coatings were not homogenous. The coatings obtained at 15 V and 3 min showed poor adhesion to the substrate ( Figure 4B ). Moreover, the coatings obtained at 20 V and 3 min were fairly homogenous and showed an adhesion strength class of 4 B ( Figure 4C ). Therefore, for the EPD process, we set the values of 20 V, 3 min, and 1 cm for the applied voltage, deposition time, and spacing between electrodes, respectively. By using the mentioned EPD parameters, fairly homogenous coatings were obtained, as shown by the microscopic images in Figure 4 and at higher magnification SEM images in Figure 5 . 
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FTIR spectroscopy results showed the functional group analyses of chitosan, curcumin, and chitosan/curcumin coatings. As observed in Figure 6 , FTIR spectra of curcumin indicate the presence of C-H bands at 714, 777, and 806 cm −1 , respectively. The peaks at 1603 cm −1 and 1624 cm −1 indicate the presence of carbonyl groups in curcumin. Moreover, the peak at 1510 cm −1 indicates the presence of ethylene group in curcumin [33] . The stretching bands and peaks of C-H at 714, 786, and 806 cm −1 , -C-O-bands at 1603 and 1624 cm −1 , and the ethylene group at 1510 cm −1 confirmed the presence of curcumin and chitosan in our fabricated chitosan/curcumin composite coatings. However, there is a slight shift in the chitosan-related peaks to the lower wavenumbers in the FTIR spectra of chitosan/curcumin coatings. For example, the C-O band at 1054 cm −1 [47, 48] shifted to 1025 cm −1 , the C-H band at 1401 cm −1 shifted to 1375 cm −1 , and the N-H band at 1530 cm −1 shifted to 1506 cm −1 [49, 50] . The slight shift in the chitosan-related peaks in the FTIR spectra of chitosan/curcumin coatings indicated the possibility of bonding between chitosan and curcumin. 
Coatings of Chitosan/Curcumin on PEEK/BG/h-BN Layers (Multilayer Coatings)
SEM Microstructure Analyses
An SEM picture of the coating surface shows the successful deposition of chitosan/curcumin on PEEK/BG/h-BN layer ( Figure 7A,B) . The chitosan/curcumin coating covered the PEEK/BG/h-BN layer by filling in the pores completely (in most of the instances). However, it can be observed that the chitosan matrix embedded with curcumin formed a film on the PEEK/BG/h-BN layer, as shown in Figure 7A ,B. Figure 7C shows the SEM image at the cross-section of the multilayer coating. The thickness of the multilayer coatings was estimated to be 60-70 µm ( Figure 7C,D) . Moreover, the EDX line analysis on the cross-section further confirmed that the intensity of C, Si, Ca and Na increased strongly, from 70 to 140 µm, along the cross-section of the multilayer coating ( Figure 7D ). 
Coatings of Chitosan/Curcumin on PEEK/BG/h-BN Layers (Multilayer Coatings)
SEM Microstructure Analyses
An SEM picture of the coating surface shows the successful deposition of chitosan/curcumin on PEEK/BG/h-BN layer ( Figure 7A,B) . The chitosan/curcumin coating covered the PEEK/BG/h-BN layer by filling in the pores completely (in most of the instances). However, it can be observed that the chitosan matrix embedded with curcumin formed a film on the PEEK/BG/h-BN layer, as shown in Figure 7A ,B. Figure 7C shows the SEM image at the cross-section of the multilayer coating. The thickness of the multilayer coatings was estimated to be 60-70 µm (Figure 7C,D) . Moreover, the EDX line analysis on the cross-section further confirmed that the intensity of C, Si, Ca and Na increased strongly, from 70 to 140 µm, along the cross-section of the multilayer coating ( Figure 7D ). 
FTIR Analysis
The spectra of chitosan/curcumin and the PEEK/BG/h-BN layer are shown in Figure 8 . The characteristic peaks of chitosan were found in the multilayer as well as in chitosan/curcumin single coatings; the carbonyl functional group (C-O) of chitosan was found at 1080 cm −1 [47, 48, 51] . The broad band at about 1022 cm −1 may have appeared because of the overlap of the C-O bond in chitosan and the bond corresponding to network modifiers in the glass structure [25, 49, 51] . Furthermore, the peak found at 1408 cm -1 is assigned to the asymmetrical bending in C-H, and the peak at about 1570 cm −1 is attributed to N-H bonding vibration of chitosan [52, 53] . The relevant bands for curcumin in multilayer coatings were: C-H band at 714, 806 and 786 cm -1 , -C-O-band at 1603 and 1624 cm −1 , and the ethylene group at 1510 cm −1 [33] . 
Thermogravimetric Analysis (TGA)
Thermal degradation patterns of the PEEK/BG/h-BN (single layer) and chitosan/curcumin coatings on PEEK/BG/h-BN layers (multilayer) are shown in Figure 9 . The thermogram of the single layer shows a mass loss (about 0.5%) from ambient to 100 °C, which can be ascribed to the removal of dampness and further losses up to 200 °C for complete dehydration of bound water (about 1.5%). The region between 100 to 200 °C shows a typical transition state of PEEK at 150 °C, considered the glass transition temperature (Tg) of PEEK. The region between 340 to 440 °C indicates the melting and flow behavior of PEEK without significant mass loss. The onset of degradation of PEEK started at 440 °C [28] , and all polymeric chains underwent scission into tiny parts at about 472 °C, with complete burning at about 550 °C, having approximately a 79% residue corresponding to the inorganic components of BG and h-BN. The region between 100 to 200 °C shows a typical transition state of PEEK at 150 °C, considered the glass transition temperature (Tg) The thermogram of the multilayer coating shows a different trend with steeper and earlier degradation behaviors relative to the single-layer coating. Between ambient temperature to the 200 °C region, the removal of bound water as well as melting and scissoring of chitosan and curcumin Figure 9 . Thermogravimetric analysis of single-layer (SL) and multilayer (ML) coatings.
Roughness Measurements
Cell attachment and proliferation are important parameters, which are affected by roughness of the coating surfaces. PEEK/BG/h-BN composite coatings showed a mean roughness (R a ) of 1.8 ± 0.1 µm and a maximum roughness (R z ) of 9 ± 1 µm (Table 2) . However, the multilayer coatings showed a decrease in the roughness values (R a = 1.5 µm) in comparison to that of the PEEK/BG/h-BN layer (R a = 1.8 µm), which confirmed that the chitosan/curcumin layer filled the pores and decreased the roughness of the multilayer layer coatings compared to that of the PEEK/BG/h-BN layer. Moreover, the filling of pores present in PEEK/BG/h-BN layer with chitosan/curcumin could also be a useful feature to control the release of the drug for longer periods of time. This phenomenon has been suggested previously in similar PEEK/chitosan-based multilayer coatings [28] . The roughness results obtained in this study are in agreement with the previous results reported by Rehman et al. [28] . Table 2 . Roughness measurements for PEEK/BG/h-BN coatings sintered at 375 • C and for chitosan/curcumin coating on the PEEK/BG/h-BN layer.
Substrate
Mean Roughness (R a ) µm Maximum Roughness (R z ) µm Chitosan/Curcumin on the PEEK/BG/h-BN layer (multilayer) 1.5 ± 0.2 9 ± 1 PEEK/BG/h-BN sintered at 375 • C 1.8 ± 0.1 9 ± 1
Drug Release Study
Sustained drug release systems for local drug delivery is important to investigate the effectiveness of the drug against bacterial infection and in reducing the danger of cytotoxicity [28] , which can accelerate the curing process at the defected site [54, 55] .
The drug release curve can be studied in three main regions ( Figure 10 ). Region I indicates the initial release (27% of the drug) during the first three days, which was mainly attributed to the diffusion of the molecules from the surface and smaller pores in the coatings [4, 56] . The immersion of the multistructured coatings in phosphate-buffered saline (PBS) led to degradation of the chitosan (matrix), which caused a relative burst in the drug release rate. Therefore, it can be concluded that during the first day, curcumin was mainly released according to a diffusion mechanism [4, 57] . However, after one day, the combination of degradation and diffusion triggered the drug release kinetics, and almost 47% of the drug was released during the first 10 days of immersion in PBS (region II) [58] . In region III, about 65% of the drug was released. The drug release was relatively slow, which could be due to the fact that the chitosan matrix degraded completely, but some amount of the drug may have remained in deeper pores of the underlying PEEK/BG/h-BN layer. Thus, the higher roughness of the PEEK/BG/h-BN layer facilitates the sustained release of curcumin over a long period of time, as shown in Figure 10. 
Antibacterial Studies
The antibacterial activities of multilayer and single-layer coatings were determined by turbidity tests (optical density measurements). The antibacterial activity of chitosan/curcumin coatings on PEEK/BG/h-BN layer was investigated for S. carnosus (Gram-positive) and E. coli (Gram-negative). Figure 11A shows that chitosan/curcumin coating on PEEK/BG/h-BN layers strongly decreased the optical density of the S. carnosus solution compared to the reference sample (i.e., PEEK/BG/h-BN). It was inferred that the multilayer coatings inhibited the growth of the Gram-positive bacteria. Figure 11B shows the effect of the chitosan/curcumin coating on E. coli. It was observed that the optical density of the E. coli solution, including reference samples, was much higher than that of the multilayer coatings, which indicated the antibacterial effect the chitosan/curcumin layer. It was concluded that the curcumin-loaded coatings possessed antibacterial effects against Gram-positive and Gram-negative bacteria, thus confirming the suitability of chitosan/curcumin coatings on PEEK/BG/h-BN layers for antiseptic orthopedic implants.
The exact antibacterial mechanism of curcumin has not yet been clearly elucidated. It has been reported in the literature that the biological activity associated with curcumin primarily is due to its antioxidant behavior [32] . Curcumin is considered as amphipathic and lipophilic molecule; curcumin can enter into liposome bilayers, which increases their permeability. It has been reported that curcumin alters the properties of bacteria membranes, leading, for example, to the thinning and disruption of the membrane. Thus, it is hypothesized that the antibacterial behavior of curcumin is related to perturbation of the bacterial cell wall and membrane by the amphipathic and lipophilic molecules of curcumin. Thus, curcumin can enter into the bacteria (Gram-positive and Gramnegative) body, disrupting the activity of DNA and causing bacterial cell death [32] . A similar behavior of curcumin against S. aureus has been reported in the literature [59] . Moreover, it was suggested that curcumin may be combined with other antibacterial agents/molecules to exhibit a stronger antibacterial effect. In region III, about 65% of the drug was released. The drug release was relatively slow, which could be due to the fact that the chitosan matrix degraded completely, but some amount of the drug may have remained in deeper pores of the underlying PEEK/BG/h-BN layer. Thus, the higher roughness of the PEEK/BG/h-BN layer facilitates the sustained release of curcumin over a long period of time, as shown in Figure 10 .
The antibacterial activities of multilayer and single-layer coatings were determined by turbidity tests (optical density measurements). The antibacterial activity of chitosan/curcumin coatings on PEEK/BG/h-BN layer was investigated for S. carnosus (Gram-positive) and E. coli (Gram-negative). Figure 11A shows that chitosan/curcumin coating on PEEK/BG/h-BN layers strongly decreased the optical density of the S. carnosus solution compared to the reference sample (i.e., PEEK/BG/h-BN). It was inferred that the multilayer coatings inhibited the growth of the Gram-positive bacteria. 
Simulated Body Fluid (SBF) Studies
The variations in the morphology of the coating surfaces during immersion in SBF were observed by SEM (Figure 12) , particularly assessing the formation of pores and the growth of a nanostructured apatite layer. The crystal size of the apatite-like structures increased with increasing Figure 11B shows the effect of the chitosan/curcumin coating on E. coli. It was observed that the optical density of the E. coli solution, including reference samples, was much higher than that of the multilayer coatings, which indicated the antibacterial effect the chitosan/curcumin layer. It was concluded that the curcumin-loaded coatings possessed antibacterial effects against Gram-positive and Gram-negative bacteria, thus confirming the suitability of chitosan/curcumin coatings on PEEK/BG/h-BN layers for antiseptic orthopedic implants.
The exact antibacterial mechanism of curcumin has not yet been clearly elucidated. It has been reported in the literature that the biological activity associated with curcumin primarily is due to its antioxidant behavior [32] . Curcumin is considered as amphipathic and lipophilic molecule; curcumin can enter into liposome bilayers, which increases their permeability. It has been reported that curcumin alters the properties of bacteria membranes, leading, for example, to the thinning and disruption of the membrane. Thus, it is hypothesized that the antibacterial behavior of curcumin is related to perturbation of the bacterial cell wall and membrane by the amphipathic and lipophilic molecules of curcumin. Thus, curcumin can enter into the bacteria (Gram-positive and Gram-negative) body, disrupting the activity of DNA and causing bacterial cell death [32] . A similar behavior of curcumin against S. aureus has been reported in the literature [59] . Moreover, it was suggested that curcumin may be combined with other antibacterial agents/molecules to exhibit a stronger antibacterial effect.
The variations in the morphology of the coating surfaces during immersion in SBF were observed by SEM (Figure 12) , particularly assessing the formation of pores and the growth of a nanostructured apatite layer. The crystal size of the apatite-like structures increased with increasing time of immersion in SBF. Within the three days of immersion in SBF, plate-like hydroxyapatite structures were produced on the surface of coatings [25, 38] . Since the iso-electric point (IEP) of multilayer coatings was lower than the value of 7.4 pH, the multilayer coatings were negatively charged in SBF and attracted calcium ions, leading to the growth of plate-like apatite enriched with calcium [28] . 
The variations in the morphology of the coating surfaces during immersion in SBF were observed by SEM (Figure 12 ), particularly assessing the formation of pores and the growth of a nanostructured apatite layer. The crystal size of the apatite-like structures increased with increasing time of immersion in SBF. Within the three days of immersion in SBF, plate-like hydroxyapatite structures were produced on the surface of coatings [25, 38] . Since the iso-electric point (IEP) of multilayer coatings was lower than the value of 7.4 pH, the multilayer coatings were negatively charged in SBF and attracted calcium ions, leading to the growth of plate-like apatite enriched with calcium [28] .
The growth of apatite on the surface of the multilayer coatings was also proved by EDX results, which are shown in the inset graphs of Figure 12A ,D. An increase in the intensity of phosphorus and calcium peaks, and the reduction in the intensity of silicon peaks, indicate the development of a calcium phosphate layer on the surface of multilayer coatings [60] . The growth of apatite on the surface of the multilayer coatings was also proved by EDX results, which are shown in the inset graphs of Figure 12A ,D. An increase in the intensity of phosphorus and calcium peaks, and the reduction in the intensity of silicon peaks, indicate the development of a calcium phosphate layer on the surface of multilayer coatings [60] .
Moreover, the FTIR study showed the development of new bonds during immersion of multilayer coatings in SBF, as demonstrated in Figure 13 . The spectra revealed a reduction in the intensity of the peaks related to BG (Si-O-Si at 459 cm −1 [25] ) and amide-I peaks of chitosan after 3 days. Moreover, amide-II peaks (1558 and 1406 cm −1 [38] ) disappeared after 3 days of immersion, which indicates degradation of chitosan. The fresh phosphate peaks (564, 605, 963 and 1030 cm −1 [25, 61] ) and carbonate peaks (868 and 1418 cm −1 [25, 38] ) suggest the formation of carbonated hydroxyapatite. The corresponding decrease in the intensity of the peaks related to BG (461, 650 and 902 cm −1 [61] ) after 1 days of immersion in SBF confirms the onset of dissolution of BG particles through the release of calcium and phosphate ions [16, 61] . Actually, the formation of carbonated HA is the aim of adding BG to the base coatings, as such an HA surface layer will boost the bone bonding capability of the coatings [16, 62] . Moreover, the FTIR study showed the development of new bonds during immersion of multilayer coatings in SBF, as demonstrated in Figure 13 . The spectra revealed a reduction in the intensity of the peaks related to BG (Si-O-Si at 459 cm −1 [25] ) and amide-I peaks of chitosan after 3 days. Moreover, amide-II peaks (1558 and 1406 cm −1 [38] ) disappeared after 3 days of immersion, which indicates degradation of chitosan. The fresh phosphate peaks (564, 605, 963 and 1030 cm −1 [25, 61] ) and carbonate peaks (868 and 1418 cm −1 [25, 38] ) suggest the formation of carbonated hydroxyapatite. The corresponding decrease in the intensity of the peaks related to BG (461, 650 and 902 cm −1 [61] ) after 1 days of immersion in SBF confirms the onset of dissolution of BG particles through the release of calcium and phosphate ions [16, 61] . Actually, the formation of carbonated HA is the aim of adding BG to the base coatings, as such an HA surface layer will boost the bone bonding capability of the coatings [16, 62] . 
Conclusions
PEEK/BG/h-BN composite coatings deposited on 316L stainless steel provided an adequate substrate for the deposition of chitosan/curcumin composite coatings by EPD. The successful deposition of chitosan/curcumin on PEEK/BG/h-BN layers was confirmed by SEM and FTIR results. Moreover, the presence of curcumin was confirmed by UV/VIS and FTIR analyses. Chitosan/curcumin coatings fill up the pores in the PEEK/BG/h-BN layer to some extent, thus reducing the overall roughness of the multilayer coatings. Chitosan/curcumin coatings did not affect the initial in vitro bioactivity of the PEEK/BG/h-BN layer but promoted the formation of an apatitelike layer when immersed in SBF. Multilayer coatings showed a sustained release of curcumin, and the curcumin-loaded coatings were shown to possess strong antibacterial effects against Grampositive and Gram-negative bacteria, confirming their suitability for orthopedic implants. Forthcoming work will focus on cell culture studies on the new curcumin-containing coatings. Moreover, the same coating approach by EPD should be investigated on different biometals, for example, by replacing 316 SS with titanium. 
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